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(54) Printer and method adapted to reduce variability in ejected ink droplet volume 



(57) Printer and method adapted to reduce variabil- 
ity in ejected ink drop volume caused by variability in 
physical characteristics of ink nozzles belonging to the 
printer. A print head (50) includes a plurality of nozzles 
(45) integrally attached to the print head, each nozzle 
being capable of ejecting an ink droplet (52) therefrom. 
At least one of the nozzles has an undesirable charac- 
teristic producing ink droplets of non-nominal volume. A 
waveform generator (130) is connected to the nozzles 
for generating a plurality of waveforms (80) to be sup- 
plied to the nozzles, so that the nozzles eject the ink 



droplets in response to the waveforms supplied thereto. 
Each waveforms has a plurality of pulses (90) control-* 1 
ling ink droplet volume. A controller (120) is provided for 
controlling the waveforms supplied to the nozzles and 
for transmitting the waveforms to the nozzles in order to 
eject the ink droplets so as to compensate for the non- i 
nominal volume by controlling the number of pulses in 
the waveform. In this manner, all nozzles produce ink 
droplets of nominal volume regardless of physical or 
electrical variations between nozzles. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] The present invention generally relates to 
printer apparatus and methods and more particularly 
relates to a printer and method adapted to reduce vari- 
ability in ejected ink drop volume caused by variability in 
physical characteristics of ink nozzles belonging to the 
printer. 

[0002] An ink jet printer produces images on a 
receiver medium by ejecting ink droplets onto the 
receiver medium in an image-wise fashion. The advan- 
tages of non-impact, low-noise, low energy use, and low 
cost operation in addition to the capability of the printer 
to print on plain paper are largely responsible for the 
wide acceptance of ink jet printers in the marketplace. 
[0003] However, ink jet printers can produce undesir- 
- able image defects in the printed image. One such 
image defect is non-uniform print density, such as 
"banding" and "streaking". "Banding" and "streaking" 
are caused by variabilities in volumes of the ink droplets 
ejected from different ink nozzles. Such variabilities in 
ink volume can be in turn caused by variabilities 
between nozzles. That is, variabilities between nozzles 
may be caused by variability in the physical characteris- 
tics (e.g. the nozzle diameter, the channel width or 
length, etc.) or the electrical characteristics (e.g., ther- 
mal or mechanical activation power, etc.) of the nozzles. 
These variabilities are often introduced during print 
head manufacture and assembly. 
[0004] Hence, ink dots placed by individual nozzles in 
the print head can be different, producing variation 
between rows of ink dots printed on the receiver 
medium. These differences are evinced by variations in 
the density, size, or morphology of the ink dots placed 
on the receiver medium by the nozzles. These varia- 
tions can have a static (i.e., consistent) component and 
a random (i.e., n on -consistent) component. Random 
variations between ink dots are generally less visible 
because their effects tend to cancel-out each other. 
However, static variations between ink dots placed by 
individual nozzles are usually more visible, thus produc- 
ing "banding" and "streaking" image defects, which is 
undesirable. 

[0005] An "averaging" technique is often used to 
reduce visual effects of the ink drop volume variability. 
That is, each image row in the printed image on the ink 
receiver is printed by different ink nozzles in separate 
printing passes. If ink volume variability between the ink 
nozzles is not correlated, their visual effects tend to can- 
cel each other and are therefore reduced. The disad- 
vantages of this technique are first, the productivity is 
reduced by increasing the number of printing passes; 
and second, although this technique can decrease the 
amplitude and increase the frequency of the banding 
artifacts, this technique cannot completely eliminate the 
visual effects of ink volume variation. 



[0006] Techniques addressing non-uniform print den- 
sity in ink jet printing are known. These techniques are 
generally directed to "bi -modal" ink jet printing appara- 
tus wherein an ink nozzle can eject either no ink droplet 
5 or an ink droplet of a fixed volume. One such technique 
relies on the control of ink volume by changing the acti- 
vation voltage width of an electric signal supplied to the 
print head for activating ink ejection. This technique is 
limited in that bubble formation occurs to cause ink 
to droplet ejection, which bubble formation complicates 
formation of desired ink drop volume. 
[0007] Another bi-modal ink jet printing technique is 
disclosed in . U.S. Patent No. 5.038,208 titled "Image 
Forming Apparatus With A Function For Correcting 
15 Recording Density Unevenness" issued August 6, 1991 
in the name of Hiroyuki Ichikawa, et al. This technique 
relies on varying a halftoning pattern of a group of ink 
dots in the printed image in order to correct ink drop vol- 
ume variations. This second technique is, however, time 
20 consuming because it requires intense image process- 
ing for each input image file. In addition, this technique 
is also limited to bi-modal ink jet printing. 
[0008] Therefore, an object of the present invention is 
to provide a printer and method adapted to reduce vari- 
es ability in ejected ink drop volume caused by variability in 
physical characteristics of ink nozzles belonging to the 
printer. 
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SUMMARY OF THE INVENTION 

[0009] With the above object in view, the present 
invention is defined by the several claims appended 
hereto. 

[001 0] According to one embodiment of the present 
invention, a print head includes a plurality of nozzles 
integrally attached to the print head, each nozzle being 
capable of ejecting an ink droplet therefrom. At least 
one of the nozzles has undesirable characteristics pro- 
ducing ink droplets of non-nominal volume. A waveform" 
generator is connected to the nozzles for generating a 
plurality of waveforms to be supplied to the nozzles, so 
that the nozzles eject the ink droplets in response to the 
waveforms supplied thereto. E ach waveform has a pi u: 
r alitv of pulses controlling ink droplet volume . A look-up 1 
45 table is connected to the nozzles for storin g values of 1 
number of pulses to be supplied to each nozzle. A cali- J 
brator in communication with the look-up table is pro- 
vided for converting the pixel values describing each 
pixel of an input image file to a calibrated image file. An 
image halftoning unit is connected to the image calibra- 
tor for halftoning the calibrated image file to generate a 
halftoned image file having a plurality of pixel values. A "\ 
nozzle selector interconnects the waveform generator t 
and the print head for selecting predetermined ones of I 
the nozzles for activation. Moreover, a controller is con- J 
nected to the image halftoning unit and the nozzle 
selector for controlling the waveforms supplied to the 
nozzles in order to eject the ink droplets in a manner 
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that compensates for the non-nominal volume by con- 
trolling the number of pulses in the waveform. In this 
manner, at least one chamber produces ink droplets of 
nominal volume. In addition, a piezoelectric electrome- 
chanical transducer is disposed in at least one of the 
nozzles, the transducer being responsive to the wave- 
forms for ejecting the ink droplet from the at least one 
nozzle. 

[001 1 ] An advantage of the present invention is that 
ink drop volume variability between nozzles is compen- 
sated, so that ink drops ejected from each ink nozzle is 
substantially identical regardless of the physical or elec- 
trical characteristics of the nozzle. 
[0012] Another advantage of the present invention is 
that calculation for compensating ink drop volume varia- 
tion between nozzles can be made efficiently using a 
look-up table. 

[001 3] A further advantage of the present invention is 
that quality images nonetheless can be produced by ink 
jet print heads having manufacturing variabilities. In 
other words, robustness of a multiple-tone ink jet printer 
is improved. 

[001 4] These and other objects, features and advan- 
tages of the present invention will become apparent to 
those skilled in the art upon a reading of the following 
detailed description when taken in conjunction with the 
drawings wherein there is shown and described illustra- 
tive embodiments of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] While the specification concludes with claims 
particularly pointing-out and distinctly claiming the sub- 
ject matter of the present invention, it is believed the 
invention will be better understood from the following 
description when taken in conjunction with the accom- 
panying drawings wherein: 

Fig la shows a first embodiment system functional 
diagram belonging to the present invention, the sys- 
tem functional diagram including a printer perform- 
ance LUT (Look-up-Table) and a printer 
performance curve and also including an electro- 
mechanical transducer associated with an ink noz- 
zle to eject an ink droplet therefrom; 
Fig 1 b shows a second embodiment system func- 
tional diagram belonging to the present invention, 
the system functional diagram including the printer 
performance LUT and the printer performance 
curve and also including a heat generating element 
associated with the ink nozzle; 
Figure 2 is a graph illustrating an electronic wave- 
form comprising a plurality of voltage pulses, the 
waveform being defined by a plurality of predeter- 
mined parameters including printing start time, 
number of pulses, pulse amplitude, pulse width, 
and delay time intervals between pulses; 
Figure 3 is a fragmentation view in perspective of 



one of the ink channels in accordance with the 
present invention; and 

Figure 4 shows an enlargement of the LUT of Figs. 
1a and 1b. 

5 

DESCRIPTION OF PREFERRED EMBODIMENTS OF 
THE INVENTION 

[001 6] The present description will be directed in par- 
te ticular to elements forming part of, or cooperating more 
directly with, apparatus in accordance with the present 
invention. It is to be understood that elements not spe- 
cifically shown or described may take various forms well 
known to those skilled in the art. 
is [0017] Therefore, referring to Figs. 1a and 1b, there is 
shown a first embodiment printer and a second embod- 
iment printer, respectively, both printers being generally 
referred to as 10. The difference between the first and- 
second embodiment printers is that the second embod- 
20 iment printer includes a heater element 15 for reasons 
disclosed hereinbelow. Each printer 10 includes an 
electronic memory 20 having a digital input image file 
l(x,y) stored therein. With respect to image file l(x,y), the 
tetters "x" and "y" designate column and row numbers, 
25 respectively, the combination of which define pixel loca- 
tions in an input image plane (not shown). More specifi- 
cally, a plurality of color pixels with a color pixel value at 
each "x" and "y" location will preferably correspond to 
pixels having desired color densities when printed on a 
30 receiver medium 30. Image file l(x,y) may be generated 
by a computer or, alternatively, provided as an input 
generated from a magnetic disk, a compact disk, a 
memory card, a magnetic tape, a digital camera, a print 
scanner, a film scanner, or the like. Moreover, image file 
35 t(x,y) may be provided in any suitable format well known 
in the art, such as page-description language or bitmap 
format. 

[0018] Still referring to Figs. 1a and 1b, electrically 
connected to electronic memory 20 is an image proces- 

40 sor 40, which processes image file l(x,y) by performing 
any one of several desired operations on image file 
l(x,y). These operations, for example, may be decoding, 
decompression, rotation, resizing, coordinate transfor- 
mation, mirror-image transformation, tone scale adjust- 

45 ment, color management, in addition to other desired 
operations. Image processor 40 in turn generates an 
output image file l p (x,y). which includes a plurality of 
pixel values having color code values, the pixel values 
respectively corresponding to a plurality of ink delivery 

so nozzles 45 (only one of which is shown) integrally con- 
nected to a piezoelectric ink jet print head 56. Each noz- 
zle 45 defines an ink chamber 51 therein for ejecting an 
ink droplet 52 therefrom. Each ink chamber 51 in turn 
has a chamber outlet 53 and an open side 54. For rea- 

55 sons disclosed in detail hereinbelow, an electromechan- 
ical transducer 55, such as a piezoelectric transducer 
made of lead zirconium titanate (PZT), is disposed in 
communication with ink chamber 51 . Moreover, the pre- 
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viously mentioned heater 15 may surround outlet 53 for 
reducing surface tension of ink droplet 52 by supplying 
heat thereto, so that ink droplet 52 can be more easily 
ejected from nozzle 45. 

[0019] Referring to Figs. 1a, lb and 2, data related to s 
performance of printer 10 are stored in an LUT (Printer 
Performance Look- Up Table) 56 and a printer perform- 
ance curve 60. In this regard, the previously mentioned 
image file l p (x,y) is calibrated in an image calibrator 70 
which converts the color pixel values at each pixel to a to 
new set of pixel values. Printer performance LUT 56 
T assists in calibration of image file l p (x,y). In a preferred 
/in / t * |r emDOd ' merrt of tne invention, LUT 56 provides an elec- 
) 7l I tronic waveform, generally referred to as 80, comprising 
tpArfoUtf I a group of "square" pulses, generally referred to as 90 75 
1 1 -(only three of which are shown), for driving piezoelectric 
-print head 50. Electronic waveform 80 is characterized 
by the number of pulses, pulse widths (i.e.. W 1f W 2 , 
' W 3 ...), voltage pulse amplitudes (i.e., A lp A 2 , A 3 ...), and 
delay time intervals (i.e., S-|. 2 , S2-3-") between pulses 20 
90. Predetermined values of number of pulses, pulse 
"amplitudes, widths and delay time intervals between 
pulses are selected depending on a desired mode of 
operation of print head 50. For example, a desired mode 
of operation for a piezoelectric ink jet print head 50 may 25 
be that frequencies of pulses 90 are reinforced by the 
resonance frequencies of ink chamber 46, which is 
associated with each ink nozzle 45, so that energy used 
for ink ejection is minimized. Predetermining the values 
of the number of pulses, pulse amplitude, pulse width 30 
and time delay between pulses results in discrete ink 
droplet volumes that are modulatable by electronic 
waveform 80. 

[0020] Referring again to Figs. 1a and 1b, an image 
halftoning unit 1 00 is used to minimize undesirable arti- 35 
facts (e.g., contouring and noise) in the printed image. 
As used herein, the terminology "image halftoning" 
refers to the image processing technique which creates 
the appearance of intermediate tones by the spatial 
modulation of two tones, for example, black and white, 40 
or multiple levels of tones, such as black, white and gray 
levels. Halftoning improves image quality by minimizing 
image artifacts such as contouring and noise, both of 
which result from printing with a finite number of tone 
levels. In cases where multiple levels of tones are nec- 45 
essary, 'Image halftoning" is often referred to as "multi- 
ple level halftoning", or simply multi-toning. In the 
preferred embodiment of the invention, the term image 
halftoning includes bi- level halftoning, as well. 
[0021] As shown in Figs. 1a and 1b, calibrated image so 
file S(x,y), which comprises a plurality of pixels values 
for each color, is input to image halftoning unit 100, 
which produces a multitoned image file M(x.y). In this 
regard, image halftoning unit 100 itself includes a suita- 
ble halftoning error diffusion algorithm to accomplish 55 
halftoning. Alternatively, any of a number of halftoning 
algorithms well known in the art can be used, such as 
multilevel ordered dither or multilevel error diffusion. In 



this manner, input image file S(x,y) is substantially con- 
tinuous tone data. 

[0022] Referring again to Figs. 1a and 1b, halftoned 
image file M(x,y) is next sent to a controller 120. Con- 
troller 120 performs the function of controlling the cor- 
rect waveforms to be generated in order to obtain 
corresponding correct pixels. Controller 120 accom- 
plishes this function by requesting that electronic wave- 
form 90 be generated by a waveform generator 130 to 
lay-down a specific color at a specific pixel. In this 
regard, the correct nozzle 45 is selected by a nozzle 
selector 140 connected to waveform generator 130. 
Waveform generator 130 can include an electronic cir- 
cuit (not shown) for producing the correct digital wave- 
forms. Moreover, waveform generator 130 can be used 
in combination with a digital-to-analog converter (not 
shown), and amplifiers (also not shown) for providing 
proper waveforms used to actuate electromechanical 
transducer 55 or thermal resistors (not shown). Trans- 
ducer 55 in turn ejects droplets 52 from ink nozzles 45. 
Image-wise activation and ink ejection of ink droplets 52 
reproduces the input digital image on receiver medium 
30. ^ 
[0023] Referring to Fig. 2, print head 50 comprises a I 
generally cuboid-shaped preferably one-piece substrate J n^. 
150 formed of the previously mentioned piezoelectric / / 
material (e.g., PZT), which is responsive to electrical [ 
stimuli. In the preferred embodiment of the invention, J 
piezoelectric substrate 150 is poled generally in the 
direction of an arrow 1 55. Of course, the poling direction 
may be oriented in other directions, if desired, such as 
in a direction perpendicular to the poling direction 
shown by arrow 155. Cut into substrate 150 are the pre- 
viously mentioned plurality of elongate ink chambers ~7 / i 
52. I nk chambers 52 are covered at their outlets 53 by a / O^^pCy^ 
nozzle plate (not shown) having a plurality of orifices 
(also not shown) preferably aligned with respective 
chamber outlets 53, so that ink droplets 52 are ejected 
from chamber outlets 53 and through the orifices. A rear 
cover plate (not shown) is also provided for capping the 
rear of chambers 51. In addition, a top cover plate 200 
caps chambers 51 along open sides 54. 
[0024] Referring now to Figs. 1a, 1b, 3 and 4, data 
related to performance of printer 10 are stored in the 
previously mentioned printer performance LUT (Look- 
up Table) 56. Moreover, image file l p (x, y) is preferably 
calibrated by means of image calibrator 70. LUT 60 pro-^ 
vides electronic waveform 80, which may comprise the 
plurality of "square" pulses 90, for driving print head 56. 
In this regard, electronic waveform 80 is characterized 
by a set of predetermined parameters, which predeter- 
mined parameters may be the printing start time Tj 
(after the start of a print line at time T 0 ), number of 
pulses, pulse widths (i.e., W 1( W 2 . W 3 ...), voltage pulse 
amplitudes (i.e.. A-,. A 2 . A 3 ...), and delay time intervals . 
(i.e., S v2 , S2.3. .) between pulses 90. For the piezoelec- v 
trie print head 56 belonging to the present invention 
(see Fig. 2), a typical time between successive print 



1<- 



4 



BNSDOCID: <EP 0963&44A1_I_> 



7 



EP 0 963 844 A1 



8 



lines is in the range of approximately 0.1 ms to 100 ms. 
A typical pulse amplitude is in the range of approxi- 
mately 5 - 35 volt. A typical delay time interval is in the 
range of approximately 1 - 1 000 u.s. 
[0025] Predetermined values of number of pulses, s 
pulse amplitudes, widths and delay time intervals 
between pulses are selected according to a desired 
mode of operating print head 50. For example, a desired 
mode of operation for piezoelectric ink jet print head 50 
may be that frequencies of pulses 90 are reinforced by w 
resonance frequencies of ink chamber 51 , so that the 
amount of energy input to nozzle 45 to cause ink ejec- 
tion therefrom is minimized. As previously mentioned, 
predetermining the values of the number of pulses, 
pulse amplitude, pulse width and delay time intervals is 
between pulses results in discrete ink droplet volumes 
modulatable by electronic waveform 80. 
{[0026] As best seen in Fig. 4, LUT 56 includes a plu- 
rality of ink drop volumes Vj (i=1 N) corresponding 

to a plurality of electronic waveforms 80. "V N " is defined 20 
herein as maximum ink drop volume. Each ink drop vol- 
ume corresponds to an "optical density** obtained from a 
test image that is printed by driving nozzles 45 with the 
same waveform 80. 

[0027] Still referring to Fig. 4, it is known that variabil- 25 
ities between ink nozzles can cause ink drop volume 
from an ink nozzle 45 to be different from the desired ink 
volume Vj. At least one nozzle 45 produces an "non- 
nominal" volume. That is, at least one nozzle 45 pro- 
duces ink droplet volumes that do not have nominal val- 30 
ues. To compensate for these variations in ink drop 
volumes between nozzles 45, a different number of 
pulses njj is assigned to each jth ink nozzle 45. In this 
regard, calibration of the number of pulses n^ is first 
obtained by printing the previously mentioned uniform- 35 
density test images using the same number of pulses n,. 
The density variations between ink nozzles 45 are then 
measured by a densitometer. The correct pulse num- 
bers can then obtained according to the density varia- 
tions. For an ink nozzle that prints smaller than average 40 
ink droplets 52, the number of pulses 90 is increased. 
Similarly, for an ink nozzle that prints larger than aver- 
age droplets 52, the number of pulses 90 is decreased. 
Although only number of pulses is used in printer per- 
formance LUT 56 in order to describe the electronic 45 
waveform 80, it is understood that other parameters can 
be included. For example, these other parameters may 
be printing start time Tj (after the start of the print line at 
time T 0 ), pulse widths (i.e., W lt W 2 . W 3 ...), voltage 
pulse amplitudes (i.e., A^ A 2 , A 3 ...), and delay time so 
intervals (i.e., S^ 2 . S 2 . 3 ...) between pulses 90. It may be 
appreciated that these parameters are also dependent 
on the shapes of the electronic waveform 80 used to 
activate ink chambers 46 in inkjet print head 50. Any 
one or all of these parameters can be used to compen- 55 
sate for ink drop volume variabilities between ink noz- 
zles 45. It may be further appreciated that these 
parameters can also be selected to preserve ink droplet 



placement accuracy on the ink receiver while the ink 
volume variability is compensated. 
[0028] An advantage of the present invention is that 
ink drop volume variability between nozzles is compen- 
sated, so that ink drops ejected from each ink nozzle 
are substantially identical. This result is obtained, for 
example, by selecting the proper number of pulses to be 
supplied to the nozzles. 

[0029] Another advantage of the present invention is 
that calculation for compensating ink drop volume varia- 
tion between nozzles can be made efficiently using a 
look-up table. 

[0030] A further advantage of the present invention is 
that quality images can be produced by ink jet print 
heads having manufacturing variabilities between noz- 
zles. This is so because controlling, for example, 
number of pulses supplied to each nozzle controls ink 
droplet volume. Precise control of ink droplet volume 
produces quality images. 

[0031 ] The invention has been described in detail with 
particular reference to certain preferred embodiments 
thereof, but it will be understood that variations and 
modifications can be effected within the spirit and scope 
of the invention. For example, although the invention is 
described for use with square wave pulses, other wave- 
forms are usable with the present invention as well. 
These other waveforms include, for example, triangular, 
trapezoidal, and sinusoidal waveforms, either in unipo- 
lar or bi-polar voltages. As another example, electronic 
waveform 80 may be fully or partially continuous without 
one or more delay time intervals (S^. S2-3-)- Sucn 
alternative waveforms can be characterized in similar 
fashion to the example of the square wave 90 disclosed 
herein. That is. a continuous sinusoidal wave can be 
characterized by the period and the amplitude of each 
cycle or each half cycle plus a constant voltage offset. 
[0032] Moreover, as is evident from the foregoing 
description, certain other aspects of the invention are 
not limited to the particular details of the examples illus- 
trated, and it is therefore contemplated that other modi- 
fications and applications will occur to those skilled in 
the art. It is accordingly intended that the claims shall 
cover all such modifications and applications as do not 
depart from the true spirit and scope of the invention. 
[0033] Therefore, what is provided is a printer and 
method adapted to reduce variability in ejected ink drop 
volume caused by variability in physical characteristics 
of ink nozzles belonging to the printer. 

Claims 

1 . A printer capable of reducing ink volume variability, 
comprising: 

(a) a print head (50); 

(b) at least one nozzle (45) integrally attached 
to said print head, said nozzle having an ink 
chamber (51) therein capable of ejecting a plu- 
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rality of ink droplets (52) therefrom, the cham- 
ber having a characteristic producing ink 
droplets of non-nominal volume; 

(c) a waveform generator (130) connected to 
said nozzle for generating an electronic wave- 
form (80) to be supplied to said nozzle, so that 
said nozzle ejects the ink droplet in response to 
the waveform supplied thereto, the waveform 
being defined by an electronic waveform hav- 
ing a plurality of pulses (90) controlling ink 
droplet volume; 

(d) a controller (120) connected to said nozzle 
for transmitting the electronic waveform to said 
nozzle to eject the ink droplets so as to com- 
pensate for the non-nominal volume by control- 
ling the number of pulses in the waveform, so 
that the at least one chamber produces ink 
droplets of nominal volume; and 

(e) a look-up table (56) associated with said 
nozzles for storing values of number of pulses 
associated with said nozzle. 

2. The apparatus of claim 1, wherein said look-up 
table has a plurality of pulses defining each wave- 
form. 

3. The apparatus of claim 2, further comprising a noz- 
zle selector (140) interconnecting said waveform 
generator and said print head for selecting said 
nozzle for activation. 

4. The apparatus of claim 1, further comprising an 
electromechanical transducer (55) disposed in said 
nozzle and responsive to said waveform for ejecting 
the ink drop from said nozzle. 

5. The apparatus of claim 4, wherein said electrome- 
chanical transducer is formed of a piezoelectric 
material. 

6. A method of reducing variability in ejected ink drop 
volume, comprising the steps of: 



for transmitting the electronic waveform to the 
nozzle to eject the ink droplets so as to com- 
pensate for the non-nominal volume by control- 
ling the number of pulses in the waveform, so 
5 that the chamber produces ink droplets of nom- 

inal volume; and 

(e) connecting a look-up table (56) to the noz- 
zle for storing values of number of pulses to be 
supplied to the nozzle. 

10 

7. The apparatus of claim 6, wherein the step of con- 
necting a look-up table comprises the step of con- 
necting a look-up table to the nozzle the look-up 
table defining a plurality of pulses for each elec- 

15 tronic waveform. 

8. The apparatus of claim 7, further comprising the 
step of selecting the nozzle for activation by using a 
nozzle selector (140) interconnecting the waveform 

20 generator and the nozzle. 

9. The apparatus of claim 6, wherein the step of inte- 
grally attaching a nozzle comprises the step of inte- 
grally attaching a nozzle having an 

25 electromechanical transducer (55) disposed in the 
nozzle and responsive to the waveform for ejecting 
the ink drop from the nozzle. 

10. The apparatus of claim 9, wherein the step of inte- 
30 grail y attaching a nozzle having an electromechan- 
ical transducer comprises the step of integrally 
attaching an electromechanical transducer formed 
of a piezoelectric material. 

35 



40 



(a) selecting a print head (50); 

(b) integrally attaching at least one nozzle (45) 45 
to the print head, the nozzle having an ink 
chamber (51) therein capable of ejecting a plu- 
rality of ink droplets (52) therefrom, the cham- 
ber having a characteristic producing ink 
droplets of non-nominal volume; so 

(c) connecting a waveform generator (130) to 
the nozzle for generating an electronic wave- 
form (80) to be supplied to the nozzle, so that 
the nozzle ejects the ink droplet in response to 
the waveform supplied thereto, the waveform 55 
having a plurality of pulses (90) controlling ink 
droplet volume; 

(d) connecting a controller (1 20) to the nozzle 
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